INTRODUCTION
The most characteristic feature of assembled clathrin is the polygonal appearance of the coat. This largely reflects the geometric arrangement of the clathrin molecule. During biosynthesis, three ~190-kDa clathrin heavy chains trimerize via the carboxyl-terminal end to form a characteristic triskelion. A ~25-kDa light chain also binds to each heavy chain, near to the site of trimerization, the central vertex. Each heavy chain projects out radially from the vertex, the three legs of the trimer splayed approximately 120° apart. The triskelion leg is a relatively rigid structure, composed of tandemly-stacked repeats of α zigzags (1, 2) . Lateral packing of the adjacent helix pairs generates an extended linear rod, interrupted by a kink roughly halfway along the length (3). Clathrin trimers also display an inherent sidedness (4) . When viewed from above, the kink redirects the distal segment of each leg clockwise and down, positioning the globular ~350-residue amino-terminal portion, the terminal domain, of each heavy chain below the plane of both the vertex and the proximal portion of each leg (5) .
As clathrin trimers begin to associate to form a coat, packing occurs by the antiparallel apposition of the proximal portion of one triskelion leg with the proximal segment of an adjacent leg. The distal segments of two other assembling trimers pack below the antiparallel proximal-leg pair (6) . This leads to the generation of the hexagonal and pentagonal facets that typify the clathrin coat. Truncated trimers termed clathrin hubs, composed of roughly the carboxylterminal third of the heavy chain, can also assemble into pseudolattices at reduced pH in the presence of calcium (7) . These assemblies do not display the characteristic curvature seen in clathrin coats however, and do not form closed spherical structures (7) . As heavy chain-heavy chain leg interactions are relatively weak at physiological pH, these observations point to the aminoterminal region of the heavy chain governing clathrin-coat assembly on membranes. Indeed, when the truncated hubs are mixed with a preparation of the first 1074 residues of the heavy chain, comprising the terminal domain and the distal leg, assembly of spherical coats becomes evident (8) . The three-fold symmetry of intact clathrin results in the positioning of three terminal domains, each from a separate trimer, under each hub in the polymerized state (6) . It appears that it is the contact between proximal leg segments and the distal leg domains that emanate from sub-vertex terminal domains, termed a counter-hub, that orient trimers to productively form polygons (8) . The clustering of terminal domains into trimers (counter-hubs) on the membrane is likely then to be an important aspect of clathrin assembly.
At the cell surface, the terminal domain is thought to be tethered to the bud site by direct interaction with the β2 subunit of the AP-2 complex. Specifically, the short sequence 632 LLNLD, found within the flexible hinge that separates the globular β2-subunit appendage from the adaptor core, interacts in an extended conformation with a shallow cleft between blades 1 and 2 of the 7-bladed terminal domain propeller (9) . This interaction is weak however (10) , and by itself will not multimerize adjacent terminal domains. Purified AP-2 has a strong propensity to aggregate (11, 12) , a property which has been suggested to facilitate clathrin crosslinking (3, 8, 13) .
Several endocytic accessory proteins also interact with the clathrin terminal domain β-propeller directly. These include AP180 (14) (15) (16) , amphiphysin (16) and epsin (15, 17) . Intriguingly, each of these proteins also binds directly to the appendage domain of the AP-2 α subunit (18, 19) , raising the possibility that these clathrin-binding sequences could work in conjunction with the AP-2 β2-subunit sequence to improve clustering of clathrin at the bud site. In fact, there is already some experimental evidence to support this idea. Complexing AP-2 with AP180 leads to enhanced clathrin assembly activity (20) , and we have previously shown that AP-2 recruitment to the central DPW region (residues 249-401) of epsin 1 augments clathrin binding mediated by the epsin sequence 257 LMDLADV (15) . Here, we have further characterized this epsin sequence, and a related clathrin-binding sequence from amphiphysin, PWDLW (21) . We show that juxtaposing multiple clathrin-binding sites does increase the apparent affinity for soluble clathrin trimers. A principal role for clathrin-binding sequences within various endocytic accessory proteins indeed appears to be to improve the efficiency of clathrin-coat polymerization at bud sites on the cell surface.
EXPERIMENTAL PROCEDURES
Construct preparation -The generation of the glutathione S-transferase (GST)-ETLLDLDF and GST-LMDLADV fusions has been described (15) . GST-TLPWDLWTTS, the distal amphiphysin I sequence, GST-SIPWDLWEPT, the distal amphiphysin II sequence, GST-ASDYQRLNLK, a TGN38 internalization sequence and GST-SYKYSKVNKE, an internalization sequence from the cationindependent mannose 6-phosphate receptor were all prepared analogously by ligation of complementary oligonucleotides, after annealing and digestion, into
EcoRI/XhoI cleaved pGEX-4T-1. Alterations to these sequences were generated using QuikChange mutagenesis (Stratagene). A construct of residues 1-579 of the bovine clathrin heavy chain fused to GST was provided by Jim Keen. A smaller segment of the terminal domain, corresponding to the seven-bladed β propeller and the first α zigzag (residues 1-363) (9) was generated by using QuikChange to convert the codon for residue 364 to a TAA stop codon. Constructs of the insert domain of human amphiphysin II (residues 329-444) in pGEX-2TK, and the same sequence harboring a deletion of residues 390-397 (∆390-397/deletion 1; (21)) were kindly provided by Peter McPherson. The intact insert domain construct was used to prepare the ∆400-411 deletion using QuikChange mutagenesis. All of the constructs and mutations were verified by automated dideoxynucleotide sequencing.
Protein purification-GST and the various GST-fusion proteins were produced in E. coli BL21 cells. The standard induction protocol entailed shifting log-phase cultures (A 600 ~0.6) from 37°C to room temperature and adding isopropyl-1-thio-β-D-galactopyranoside to a final concentration of 100 µM. After 3-5 hours at room temperature with constant shaking, the bacteria were recovered by centrifugation at 15,000 × g max at 4°C for 15 min and stored at -80°C until used.
GST-fusion proteins were collected on glutathione Sepharose 4B after lysis of the bacteria in B-PER reagent (Pierce) and removal of insoluble material by centrifugation at 23,700 × g max at 4°C for 15 min. After extensive washing in PBS,
GST fusions were eluted with 10 mM Tris-HCl, pH 8.0, 10 mM glutathione, 5 mM DTT on ice and dialyzed into PBS, 1 mM DTT before use in binding assays.
The terminal domain was cleaved from the GST with thrombin (Amersham Pharmacia Biotech) while still immobilized on glutathione Sepharose. Digestion was as recommended by the manufacturer, followed by addition of the irreversible thrombin inhibitor PPACK (Calbiochem) to a final concentration of 25 µM. The terminal domain was then chromatograpically purified at 4°C on a Sephacryl S-100 column (1.6 × 60 cm) at 0.5 ml/min and peak fractions containing the terminal domain concentrated to 1 mg/ml using a Centricon 10 device.
The mouse α C -subunit appendage (residues 701-938) cloned into pGEX-2T was kindly provided by Richard Anderson and the DPW domain of rat epsin 1
(residues 229-407), cloned into pGEX-4T-1, was kindly provided by Pietro
DeCamilli. The GST-fusion proteins were purified and thrombin cleaved as described previously (15) . The rat β2-subunit appendage + hinge (residues 592-951) cloned into pRSETc was kindly provided by Tom Kirchhausen and purified on NTA agarose as described (13) .
Rat brain cytosol was prepared from either fresh or frozen rat brains (PelFreez) exactly as described previously (22) . Before use, the cytosol was adjusted to 25 mM Hepes-KOH, pH 7.2, 125 mM potassium acetate, 5 mM magnesium acetate, 2 mM EDTA, 2 mM EGTA and 1 mM DTT (assay buffer) and centrifuged at 245,000 × g max (TLA-100.3 rotor) at 4°C for 20 min to remove insoluble material. times each with ~1.5 ml ice-cold PBS by centrifugation, the supernatants were aspirated and each pellet resuspended to a volume of 80 µl in SDS-sample buffer.
Unless otherwise indicated, 10 µl aliquots, equivalent to ~1/80 of each supernatant and 1/8 of each pellet, were loaded on the gels.
For assays examining recruitment of the terminal domain (residues 1-363), the α C -subunit appendage (residues 701-938) or the β2-subunit appendage + hinge (residues 592-951), the purified preparation was first centrifuged at 10,000 × g max at 4°C for 10 min to remove insoluble material. The binding assays were in assay buffer with the proteins added to the final concentrations indicated in the figure legends with 0.1 mg/ml BSA added as a carrier. For the clathrin assembly assays, reactions were also prepared in assay buffer in a final volume of 100 µl. All protein samples were centrifuged at 245,000 × g max at 4°C for 20 min prior to use.
Tubes containing 350 µg/ml (~0.5 mM) purified cytosolic clathrin or 125 µg/ml (~2.5 mM) GST-amphII insert or GST-amphII (∆390-397) were prepared on ice and then incubated at ~15°C for 30 min. After centrifugation at 100,000 × g max (TLA-100. (16, 21) and epsin (15) each contain two discrete clathrin-binding sequences. In both proteins, one of these conforms very closely to the type-I clathrin-binding consensus (25) , which has also been termed the clathrin box (9) .
RESULTS

Two distinct classes of clathrin-binding sequence-Amphiphysin
Like the type-I sequences, the second clathrin-binding site mapped in both amphiphysin (PWDLW) (16, 21) and epsin 1 (LMDLADV) (15, 17) These experiments show clearly that soluble clathrin trimers do not require adaptors to bind to an immobilized PWDLW-based sequence. The data then, confirm independently the presence of two functionally separate clathrinbinding sequences in amphiphysin (16, 21) . In addition, as there is little difference in the binding of clathrin to the PWDLW sequence derived from either amphiphysin I or II (Fig. 1 ), Glu422 in amphiphysin II appears dispensable. Thus, the distal sequence, which we term type-II, appears to display only a single acidic residue in the middle of the motif (see below), unlike the type-I, LLDLDbased sequences.
To determine whether the recovery of the adaptor complexes on the GST-PWDLW beads is dependent upon bound clathrin, we compared AP-1 and AP-2 binding from either whole or clathrin-depleted rat brain cytosol (Fig 3A) .
Decreasing soluble clathrin levels more than fivefold blunts clathrin binding to the PWDLW sequence substantially but, surprisingly, does not affect the adaptor begins to bind to AP-1, suggesting that at this density clathrin binding is similar to that of the individual PWDLW sequence. Our interpretation of this data is that two distinct sequences, the type I and type II, are able to noncompetitively engage clathrin. We can conclude from our experiments, however, that appropriately spaced type-I and type-II sequences in amphiphysin do improve the apparent affinity for clathrin in pull-down type assays and facilitate clathrin assembly. An even more marked synergistic effect of the type-I and type-II sequences on clathrin recruitment has also recently been observed by others. Deletion constructs within the region of amphiphysin I that contains both the LLDLD and PWDLW sequences, and mutagenesis of these sequences, also revealed that both are required for high-affinity association with clathrin (16) . Superficially, this result appears discordant with our observation that either sequence alone can bind clathrin from cytosol near quantitatively (Fig. 1) . The most likely explanation for the observed difference is the higher density at which we immobilize the GST- involving the legs to occur (Fig. 8) . By contrast, at high density, the isolated peptide sequences are arrayed closely enough on the Sepharose to permit interleg cooperativity by engaging two or three of the terminal domains of a single clathrin trimer at once. As we have suggested before (15) , even if dissociation of the clathrin-peptide interaction is relatively rapid, the probability of all three terminal domains detaching simultaneously would be low. The substantially reduced interaction we see between the expressed monomeric clathrin terminal-domain fragment (although added at a much higher concentration than clathrin present in cytosol) and the type-I or type-II sequences (Fig. 5) further supports this interpretation.
Polymerization of clathrin by adjacent type I and type II sequences-To
When incubated with whole cytosol, an immobilized PWDLW type-II sequence associates with AP-1 and AP-2 adaptors as well. The interaction of clathrin or adaptors with this sequence does not require the presence of the other and, since the GST-fusion protein is in considerable excess in our experiments, the interactions occur independently. This is borne out by the different binding curves clathrin and adaptors exhibit ( Fig. 2A) . We demonstrate that the binding of AP-1 and AP-2 probably occurs via the appendage domains because the interaction is strongly inhibited by a segment of epsin known to engage the α and β appendages, and these isolated appendages bind directly to the GST- 
